Introduction
[2] Magnetic storms are disturbances in the Earth's magnetosphere that have been studied for almost $200 years [von Humboldt, 1808; Chapman and Bartels, 1940; Gonzalez et al., 1994; Kamide et al., 1998; Echer et al., 2005a] . They occur when the solar wind-magnetosphere energy coupling is enhanced through the magnetic reconnection mechanism [Dungey, 1961; Russell et al., 1974; Akasofu, 1981; Gonzalez et al., 1994] . Several interplanetary structures can contribute to this energy transfer through the presence of intense, long duration and southward directed (Bs) interplanetary magnetic field (IMF) Bz component [Gonzalez et al., 1999] . One of the interplanetary origins of IMF Bs fields are the sheath/shock fields [Tsurutani and Gonzalez, 1997; Echer et al., 2004] . Shocks can have also strong compression effects on Earth's magnetosphere even in the absence of an IMF Bs [Echer et al., 2005b] .
[3] The magnetic storm effects are observed in the disturbed horizontal component of the geomagnetic field measured at low-latitude observatories and are represented by the Dst index. The Dst is proportional to the kinetic energy carried by $10-300 keV energetic particles which drift around the Earth in a westward ring current located around 2 -7 R E [Daglis et al., 1999; Gonzalez et al., 1994] . The ion composition of this ring current has contributions from both terrestrial/ionospheric and solar wind sources. It has been observed that the contribution of ionospheric O + increases with geomagnetic storm strengthening [Daglis, 1997; Daglis et al., 1999; Fu et al., 2001; Korth et al., 2003; Kistler et al., 2005] .
[4] The plasma sheet is the major plasma source for the storm time ring current, and it acts as an intermediate reservoir of particles from the solar wind and the terrestrial ionosphere. The plasma sheet particles have energies ranging from $50 eV to >500 keV. The origin of plasma particles in the magnetotail was initially attributed only to the solar wind, but several observations have shown that ionospheric plasma is present in the magnetotail [e.g., Chappell et al., 1987] . In situ plasma and magnetic field observations showed that there is an O + and H + upward flow at high latitudes along magnetic field lines in the polar cusp/auroral oval region during substorms and storms [Shelley, 1979] . O + outflow has also been observed in the magnetotail [Candidi et al., 1982; Wilken et al., 1995; Zong et al., 1997 Zong et al., , 1998 Nishida, 2000; Korth et al., 2003; Ruan et al., 2005; Kistler et al., 2005] . Candidi et al. [1982] reported H + and O + beams parallel to the magnetic field (B) in the magnetotail low latitude boundary layer. O + tailward and field aligned beams in the range 3 -5 keV have been observed in the inner plasma sheet. O + ionospheric outflow at $40 keV has been observed by the Viking satellite up to $8000 km altitude [Lundin and Eliasson, 1991] .
[5] After the observation of an ionospheric outflow of protons [see Chappell et al., 1987] and the discovery of a large and variable amount of oxygen ions at plasma sheet energies, it became clear that non-thermal processes in the topside ionosphere could impart energies of a few eV to 10s of keV to oxygen ions [Shelley et al., 1972] and that processes in the auroral zone are able to energize ions up to plasma sheet energies [Shelley et al., 1976] . Many of the ionospheric energetic upflowing ions are associated with the auroral oval and the cleft. Upflowing ion beams from the ionosphere are characterized by a strong maximum in the flux parallel to the magnetic field [Shelley et al., 1976] . They are generally observed above 5000 km altitude and their occurrence probability increases with altitude. Mechanisms proposed to accelerate the ionospheric ions are basically particle-wave interaction or parallel electric fields.
[6] Inside the mid-tail (10 -20 R E ), the lobe and plasma sheet regions show low and high plasma densities, respectively. The tail lobe plasma is very rare and ionospheric ions when detected in the lobes appear to be tailward ion beams; O + ionospheric beams are also found within the distant tail plasma mantle [see Sauvaud et al., 2004, and references therein] . Lennartson and Shelley [1986] showed the presence of ionospheric ions in the plasma sheet, which are enhanced during periods of magnetic activity. The central plasma sheet (CPS) contains the current sheet and it is delimited by a plasma sheet boundary layer (PSBL). This current sheet separates the magnetically opposite magnetospheric lobes.
[7] We present in this work O + distributions in the plasma sheet boundary layer and calculate the O + escape into the magnetotail, during a magnetic storm initial phase. Data were taken from instruments onboard the ACE, WIND spacecraft for solar wind information and the four Cluster spacecraft. The Cluster multiple spacecraft data enabled us to obtain the O + density gradient in the magnetotail and to estimate the O + escape rate. This case study is a unique opportunity having a shock producing a magnetic storm and having simultaneously a fleet of spacecraft in the tail of the magnetosphere observing the O + outflow from the ionosphere and into the tail. The outflow rate can be obtained from the O + gradient, which can only be derived by using multiple spacecraft data.
Methodology of Data Analysis
[8] We have analyzed the plasma sheet/magnetotail Cluster data during one storm sudden commencement (SSC) in the initial phase of an intense magnetic storm which occurred on 17 August 2001. This storm was caused by intense southward directed Bz-component of the Interplanetary Magnetic Field (IMF). For the solar wind observations we used ACE SWEPAM and MAG data [Stone et al., 1998 ], and WIND plasma data [Ogilvie et al., 1995] . For the plasma sheet/ magnetotail observations we used the four Cluster spacecraft data [Escoubet et al., 2001] . During the Cluster tail crossing, the data were taken during the initial SSC and the beginning of the main phase development of the 17 August 2001 magnetic storm. The Cluster spacecraft cross the plasma sheet/magnetotail every 57 h. Its orbit has an apogee of 19 R E and a perigee of 4.2 R E . When the four spacecraft crossed the tail on 17 August 2001, between 07:00 and 17:00 UT, the magnetosphere had suffered compression effects by an interplanetary shock. The Cluster spacecraft separation during this time was about $2000 km. The magnetotail crossing on 15 August 2001 between $00:00 and 14:00 UT was the last quiet period before the crossing during the disturbed period of 17 August 2001 ($07:00-17:00 UT). Both periods will be compared.
[9] The magnetotail ion composition response using the Cluster Ion Spectrometry Instrument (CIS) [Rème et al., 2001] . HIA measures the ion distribution of all ions from $5 eV to 32 keV by combining a classical symmetrical quadrispherical analyzer with a fast particle imaging system based on micro-channel plate electron multipliers and position encoding discrete anodes.
Results
[10] Figure 1 shows ACE solar wind data (GSM coordinate system) and the geomagnetic indices (K p , AE and Dst) from 14 -19 August 2001. The two periods when Cluster crossed the plasma sheet were marked in the plot. The first period was during a magnetic quiet interval (15 August 2001) and the second one during the SSC/storm initial phase (17 August 2001).
[11] The interplanetary conditions were different during the two intervals. The density was around 18 cm À3 compared to 2 cm À3 during the quiet time period. The solar wind pressure was 8.1 nPa in the second interval against 0.6 nPa in the first one. The magnetic field magnitude was around 15 nT (4 nT during the first crossing) and Bz reached a peak value of À16.7 nT within this period. Peak AE and Dst were 1460 nT and À31 nT during the second Cluster traversals, respectively.
[12] A strong (density and total magnetic field compression ratio $4.0), quasi-perpendicular shock (q Bn $80°) was observed at $10:15 UT on 17 August 2001 by the ACE instruments. This shock caused a sudden impulse in the horizontal component of the ground based measured magnetic field of $40 nT. In the magnetotail the enhancements in magnetic field components were of DB x = +18 nT and DB y = À11.5 nT [Huttunen et al., 2005] . Following the shock and the SSC, the storm initial phase is observed. Strong compression effects are observed in the magnetosphere at 11:00 UT, when Dst jumped from 2 to $40 nT. Later, the Dst index stayed positive for 6 h, reaching a maximum of +44 nT at 12:00 UT, and then decreasing in the next 9 h until the storm peak.
[13] Figure 2 shows Cluster data from spacecraft C3 during the second magnetotail crossing on 17 August 2001 from 11:00 to 16:30 UT. After this time, there are no Cluster/CIS data available for this tail crossing. The eight panels in the figure show CIS, RAPID, and FGM data. From top to bottom we see the CIS H + spectrogram, the RAPID flux of Carbon, Nitrogen, and Oxygen (CNO) particles in the lowest energy channel (166 keV), the CIS O + spectrogram, the CIS O + pitch angle distribution, the b (plasma pressure/magnetic pressure ratio) parameter, the x-, y-, and z-components in GSE coordinates of the tail field, the O + velocity parallel and perpendicular to the magnetic field (in GSE coordinates), and the O + density.
[14] The four Cluster spacecraft cross the magnetotail from the northern lobe through the PSBL and then through the central plasma sheet into the southern PSBL and lobe. The direction can be best observed in the magnetic field x-component; Bx is positive north of the magnetic equator and negative in the southern hemisphere. Bx shows also the large compressed magnetic field after the shock arrival at Cluster (11:05 UT) about $50 min later than observed at ACE. At the same time tailward O + flow starts to be seen (pitch angle 135°to 180°). By this time, C3 is in the northern PSBL. The energy of the oxygen ions is above 500 eV, as can be seen in the energy spectrogram, and oxygen continues to escape tailward until $14:25 UT (see the pitch angle spectrogram). The oxygen tailward flow velocity is between 50 and 100 km/s (panel 7). Between 14:50 UT and 16:02 UT, C3 is inside the central plasma sheet (CPS), where Bx is small, and where a high oxygen density (panel 8) of $0.1-0.2 cm À3 and a bidirectional oxygen pitch angle distribution (panel 4) is observed. The bi-directional oxygen pitch angle distribution, together with a positive Bz and a stagnant plasma flow, suggests that the field lines are closed in the CPS. Therefore the O + ions are trapped in the CPS between 14:50 and 16:02 UT. After 16:02 UT the spacecraft leaves the CPS and moves into the southern PSBL where a tailward streaming oxygen flux is again observed, now with a pitch angle between 0°and 45°.
[15] In comparison with this tail crossing, the first Cluster crossing on 15 August 2001 shows a very stable plasma sheet over 16 h, with ion fluxes much less than those observed during the 17 August 2001 crossing. The magnetic field was not compressed and had values less than 20 nT. The oxygen amount was very low and no tailward or field aligned flow was observed. As a comparison of magnetotail parameters, the magnetic field magnitude average is 10 nT in the first crossing against 45 nT in the second one; H + and O + densities are 0.10 and 0.0053 cm À3 against 0.51 and 0.06 cm À3 in the two crossings, giving O + /H + ratios of 0.053 and 0.118 in the quiet and shocked periods, respectively. While the total density of O + has increased by a factor of $10, the proportion of O + in relation to H + has increased by $2 times, reaching $12% of the H + .
[16] Ion fluxes in the magnetotail during this storm were previously studied by other authors. Kistler et al. [2005] have studied the substorm which occurred between $16:00 and 16:50 UT on 17 August 2001 and they have observed oxygen beams present in both the PSBL and in the central plasma sheet prior to this substorm. Sauvaud et al. [2004] have studied the plasma sheet turbulent thinning during 14:45 and 15:10 UT on 17 August 2001 and they have observed bidirectional oxygen fluxes, both above ($15:20 UT) and below (15:42 UT) the plasma current sheet.
[17] Figure 3 shows the Cluster parameters in the PSBL, during the period 13:00 -13:10 UT on 17 August 2001. The panels, from top to bottom, are the RAPID lowest energy channel for heavy ions, the CIS O + density integrated over the energy range 0.5 -40 keV, the FGM magnetic field components (in GSE coordinate system) and the CIS O + velocity components parallel to the magnetic field. Data from all 4 spacecrafts (except panels 2 and 4) are shown. From panels 1 and 2 the O + density gradient is obtained to calculate the O + escape flux rate. The geometry of the Cluster spacecraft, shown in an insert in Figure 4 , was taken [18] The lowest oxygen flux is observed by C2, which is furthest away from the central plasma sheet (Figures 4 and  5) . This is consistent with the magnetic field Bx obtained by the FGM instrument onboard Cluster (Figures 2 and 3) . According to the one-dimensional Harris current sheet model, the magnitude of the Bx-component has a linear relation with the distance from the neutral sheet. The larger the value of the magnetic field Bx-component, the farther the spacecraft is from the neutral or central plasma sheet. The magnetic field values of the Bx-component and the oxygen count rates and densities obtained for C1, C3, and C4 have a similar temporal evolution, except for the time period from 13:04 to 13:06 UT. However, C2 (farthest away from the central plasma sheet in the Z direction) shows an obvious different profile for both the Bx component and the energetic oxygen flux. These facts suggest an escaping oxygen layer in the tail lobe region (with open field lines) adjacent to the central plasma sheet (with closed field lines).
[19] Figure 6 shows the CIS O + density versus the Bx component during the interval 13:00 -13:30 UT on 17 August 2001, when the oxygen gradient was calculated and Cluster spacecraft were in the PSBL. We have computed the O + density in different energy ranges. The various spacecraft are shown in different colors: C1 is represented by black dots, C3 is by green dots and C4 by blue dots. The integrated energies are 0.03 -0.50 keV, 0.5 -1 keV, 1 -5 keV, 5-10 keV, 10-40 keV, and 0.03-40 keV. It is obvious that most of O + density is found in the 1-5 keV and in the 5-10 keV energy channels. The peak in the O + density at Bx values of $65 nT were observed in the northern lobe PSBL.
[20] To calculate the O + outflow into the magnetotail we use the following equation: dO + /t = r O+ (z)V O+ /S, where S is the area of the oxygen layer L dz. As the O + density depends on the z distance, we have computed the oxygen flow rate through the integral:
In front of the integral we use a factor 2 to take into account the oxygen layer in the northern and southern PSBL (Figures 4 and 5) . The integral is from zero to the O + layer thickness d. The width of the tail L is 2R T , the tail radius, which was computed for a magnetic field in the tail of 70 nT (Figure 2) , with a formula used by Hughes [1995] , we obtain R T = 11 R E .
[ [24] The spacecraft separation is taken from Cluster ephemerides and is in the Z-direction (see also Figure 5 ). C3 is the reference spacecraft. Note that C2 is outside of the O + layer.
DzC3 À C4 ¼ 1240 km:
[25] The gradient in relation to C3 values, can be taken as: [26] The distance from the center of the current sheet to C 3 is taken by computing the difference in C3 positions around 13:04-13:05 to the peak around 13:08 (when the spacecraft is near the central plasma sheet), which is 200 km.
When this value is added to the distance from C2, which is outside the Oxygen layer, we have d = 1895+200 = 2100 km as the estimated O + layer.
[27] The width of the tail L is 2R T , R T = the tail radius. By considering a simple flux conservation between the polar cap and the tail [Hughes, 1995] , we have, for the magnetic field in the tail of 70 nT, a R T = 11 R E , and the width of the tail is L = 22 R E .
[28] Now we can calculate the O + escape rate, as: d O+ /t = F O+ . S where S is the area of the O + layer, S = L.dz; the flux is given by F O+ = r O+ (z).V O+ par, since the density varies with the z distance. [30] From these values, the O+ outflow can be calculated and it is given in the expression below:
[31] In the ring current region during a magnetic storm of Dst $À100 nT the oxygen input rate is about 1.8 10 23 O + ions s À1 according to Geotail and CRRES measurements Fu et al., 2001] . Thus the tail lobe escape rate is about 20 times larger than the ring current input rate in terms of total oxygen ion number.
Discussion: Ionospheric Outflow and Interplanetary Shock
[32] The ionosphere is known to be the source of the large abundances of O + ions found within the magnetosphere, since the solar wind contains insufficient oxygen of any charge state [Bame et al., 1975] , even if sufficient entry and charge exchange mechanisms are active [Johnson, 1979] . How can the ions escape from the Earth's ionosphere?
[33] Early suggestions [Dessler and Michel, 1966; Nishida, 1966] were based on the well known theory of thermal evaporation (Jeans Escape) [Jeans, 1925] , which have been successfully applied to the escape of neutral gases from planetary atmospheres. Via thermal evaporation, the light ions would continually escape from the topside ionosphere with their thermal velocities and then move along the magnetic field lines to the magnetotail. The thermal ion escape flux from the Earth's ionosphere is about 10 23 ions s
À1
. However, it was argued that the Earth's ionosphere outflow should be supersonic. Therefore it was termed ''polar wind'', in analogy to the solar wind [Axford, 1968] . Axford suggested that O + ions can be added to the ionospheric light ion outflow at high latitudes. Modeling by Banks and Holzer [1969] predicted total ion outflows of about 10 23 ions s
, of which only about 0.1% would be oxygen ions (10 20 O + ions s
). The rather low limits for oxygen are caused by gravitational binding and charge exchange with neutral hydrogen. On the other hand, the observations showed that a large amount of O + is contained in the ionospheric outflows [Shelley et al., 1972; Yau et al., 1985] . Individual outflow event fluxes are even dominated by O + [Yau et al., 1985] . Furthermore, during intensified [Barakat and Schunk, 1983] ;
[37] (4) convection-driven centrifugal acceleration may propel the outward flows [Horwitz and Moore, 1997] ;
[38] (5) significant electrostatic potential drops associated with photo-electron fluxes exist at relatively low altitudes (below 700 km altitude), and these would accelerate to supersonic speeds both the H + and O + ion populations [Tam et al., 1995] .
[39] The accelerated oxygen ions will be convected antisunward into the wake region of stretched field lines that form the geomagnetic tail. However, Fuselier et al. [2002] found that prompt ionospheric ion outflow are associated with increases in solar wind dynamic pressure. The changes of ionospheric outflows over timescales of minutes are not associated with changes in the IMF Bz component, nor are they associated with enhancements in magnetospheric activities. Figure 7 shows the correlation between solar wind dynamic pressure measured by WIND at $50 R E (closer to Earth than ACE) and Cluster C3 O + total pressure and all ions total pressure. As can be seen in Figure 7 , there is a strong correlation between solar wind dynamic pressure and the O + /total ions pressure.
[40] Before the interplanetary shock arrival, the ambient pressure is low, at only around 0.5 nPa, and at this time there is no ionospheric outflow of either O + or H + observed by Cluster spacecraft in the PSBL. However, after the interplanetary shock passage, the pressure in the tail lobe is greatly enhanced. Significant amount of ions (O + and H + ) escape from the Earth's ionosphere into tail lobe region to balance the enhanced shocked solar wind outside the magnetosphere. The correlations between in situ plasma pressure (outflows) and solar wind are remarkably good, reaching up to 0.8 and 0.85 respectively. It should be noted that the rapid enhancement of the ionospheric outflow is related to the solar wind dynamic pressure rather than to the southward directed IMF.
[41] The propagation time for the shock from the L1 point (ACE position) to the Earth's bow shock/magnetopause is determined from the time between the jump in interplanetary parameters at the ACE position and the SYM-H sudden impulse (SI). This time is around 45 min, which includes the propagation time from L1 to Earth plus the $5 min time for the SI propagation in the Earth magnetosphere [Nishida, 1978] . The time propagation from the SI to the magnetotail is around $5 min, giving a total time from ACE to Cluster of $50 min.
[42] The interplanetary shock hit on the magnetosphere at $11:02:30 UT detected by the 210 o magnetic meridian magnetometer chain. The shock front was subsequently observed by the Cluster spacecraft at about 11:04:00 UT. It should be mentioned here that the present observation cannot judge whether the interplanetary shock immediately triggered the oxygen outflow from the ionosphere or not. However, the Cluster CIS observations provide some clues. The significant oxygen ion enhancements are recorded only at about 11:40 UT. Considering a transport time from the polar ionosphere to the Cluster location for O + ions with energies below 10 keV of less than 10 min will give about 26 min reaction time to the polar ionosphere to allow O + ions to escape into the polar ionosphere.
[43] After the shock, the IMF Bz remained northward for $40 min. After fluctuating turbulent Bz fields are observed. Bidirectional O + fluxes start to be seen in the energy spectrogram soon after the dynamic pressure enhancement. However, the largest fluxes are observed by Cluster at $12:00 UT, the time when the Bz fields propagate from L1 to Earth. Thus during the whole interval, pressure and Bz effects are important in driving ion outflow into the tail.
Summary and Conclusions
[44] The magnetotail/plasma sheet response was investigated with multiple spacecraft data during the initial phase of a geomagnetic storm caused by an interplanetary shock on 17 August 2001. The Cluster fleet observed the O + ion outflow into the magnetotail. To estimate the O + outflow rate one needs to calculate the O + gradient which can be derived only from multiple spacecraft data.
[45] Cluster data were analyzed during a quiet and a disturbed plasma sheet crossing in the beginning of a magnetic storm. Significant increases in H + and O + densities, in the O + /H + ratio, and in the B x component of the tail magnetic field were observed in the storm period.
[46] Interplanetary conditions changed dramatically from the first (quiet) to the second (disturbed) crossings: the IMF magnitude by a factor of $3, the solar wind density by a factor of $9, and the solar wind pressure by a factor of more than 10 during a significant southward directed IMF Bz component. We have observed that the Bx magnetic tail field component increased by a factor of more than 5, while the H + and O + densities in the tail have increased by factors of 5 and 10, respectively, thus giving an increase in the O + / H + ratio of 2 from quiet to disturbed magnetotail conditions. A huge quantity of ionospheric O + ions escape from the Earth into tail lobe region detected by the four Cluster spacecraft and triggered by the interplanetary shock.
[ [48] We further found a 26 min reaction time of the polar ionosphere to allow oxygen ions to escape into the polar ionosphere. During the period studied the pressure and the IMF Bz effects were the important parameters in driving the O + ion outflow into the tail.
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